A new spectrophotometric reagent for the determination of trace amounts of fluoride has been introduced. This method is based on the decolorization of a complex of Al(III) with xylenol orange (XO) as an ultra-sensitive colored reagent. Since the Al-XO complex plays an important role in this method, the protonation and complexation of XO with Al(III) at an ionic strength of 0.1 mol L -1 at 25 C has been studied by a spectrophotometric global analysis method. The EQUISPEC program was used to evaluate the protonation constants of XO and the stability constants of the formed complexes with Al(III). The protonation and the stability constants of the major complex species such as ML, MLH and MLH2, were determined. Finally, a spectrophotometric method for the assay of fluoride based on a decrease of the color intensity of the Al-XO complex, in an aqueous solution has been designed. The effects of some important variables on the determination of fluoride based on the proposed method were investigated. The method was applied to the determination of fluoride under the optimum conditions (pH 5.2, ionic strength 0.1 mol L -1 , 25 C). The determination of fluoride in the range of 0.08 -1.4 μg mL -1 (SD = 1.2%) was successfully performed. Interferences of Fe(III) were easily eliminated by using ascorbic acid. The proposed method was applied to the determination of trace amounts of fluoride content of some real water samples.
Introduction
The determination of trace amounts of fluoride, because of its importance in health, medical and industrial processes, is of interest to analytical chemists. Fluoride is an important parameter of water quality. At low concentration it is beneficial, while at high concentration it is toxic. 1 Fluoride plays a central role in the prevention of dental caries, and is regularly employed for this purpose in drinking water. 1 Compounds of fluoride are very valuable and extensively utilized in human activities. The industrial effluent, combustion of coal and sewage discharged from domestic water supplies, contribute to an increase in fluoride levels in local aquatic systems. The health effect of fluoride, such as dental fluorosis and bone fracture has attracted considerable attention. This ion is considered to be essential to both plants and animals at low concentrations. 2 In unpolluted fresh and seawater, it generally exists in the ranges of 0.01 -0.3 mg L -l and 1.2 -1.5 mg L -1 , respectively. 1 Thus, a continuous monitoring of the presence and movement of fluoride in the environment is of great importance. The most common techniques for fluoride assay are potentiometry using a fluorideselective electrode (ISE) [3] [4] [5] and ion chromatography (IC). 6 Several other techniques have been reported for the determination of fluoride in drinking water, such as capillary electrophoresis, 7 solvent-extraction coupled to fluorometry. [8] [9] [10] There are a few spectrophotometric reports in the literature based on a decolorizing effect of fluoride on a colored metal-dye complex. 1, [11] [12] [13] [14] [15] Some of these mentioned techniques have special problems in determination of fluoride. 14 Because of some advantages of spectrophotometric methods, such as simplicity, facility, accuracy and reproducibility, we have been interested to design a new spectrophotometric method for fluoride assay.
Spectrophotometry is a powerful technique for investigating of solution equilibria. 16, 17 Nowadays, spectroscopic instrumentation has the capacity to collect data in a full spectral range. Using a single or a few wavelengths discards most of the information in the collected spectra, and requires both the presence and knowledge of such a suitable wavelength. However, in many cases, the spectral responses of components overlap, and thus analysis is no longer straight-forward. [17] [18] [19] [20] To overcome this problem, using the chemometrics method we can analyze whole spectra and can thereby utilize all spectra information. [17] [18] [19] [20] [21] [22] EQUISPEC, which is a hard modeling in the MATAB environment, involves simultaneous, global analysis of a series of spectrophotometric titrations. Each titration is performed under different initial conditions, such as at different pH values or concentrations which has been called second order global analysis. 16 This program was used to evaluate the protonation and stability formation constants of the complexation reaction between xylenol orange (XO) and Al(III) in aqueous solutions. Thus, according to a high tendency of Al(III) with fluoride ion, AlF6 3-, the complex of XO with Al(III) was used as a colored probe. There are few reports about spectrophotometric studies of the XO reaction with Al(III) especially using chemometrics methods described in the literature. 1, 14, 23, 24 The major complex species, recognized as the best of them, was chosen as a colored probe. The determination of fluoride based on a decrease of the color intensity of the Al-XO complex was planned. 14, 15 The optimum conditions for a trace amount of fluoride assay in some drinking water samples have been performed.
Experimental

Reagents and solutions
Xylenol orange (3,3′-bis[N,N′-di(carboxymethyl)aminomethyl]-o-cresolsulfonphthalein) or (XO, Scheme 1) and aluminum nitrate nonahydrate were of commercial analytical grade and used without any further purification. A constant ionic strength at 0.1 mol L -1 was maintained with KNO3 as a background electrolyte. Sodium fluoride was dried at 140 C for 48 h, before using. All fluoride solutions were stored in polyethylene containers. The pH of the medium was adjusted by using 0.1 mol L -1 HNO3 and NaOH solutions. Solutions of diverse ions used for interference studies were prepared from nitrate salts of cations and the sodium salts of anions. L-Ascorbic acid solution (10%) was used for controlling the interference of Fe(III). Triply distilled water was used throughout. All chemical reagents were from Merck.
A stock solution of 5 × 10 -3 mol L -1 xylenol orange (XO) was prepared by the dissolution of 95 mg of XO in a 25-mL flask and adding triply distilled water. A stock solution of Al(III) is prepared by the dissolution of 46.8 mg of aluminum nitrate nonahydrate in a 25-mL flask and adding triply distilled water. A mixed solution of XO-Al (1:1) 5 × 10 -5 mol L -1 was prepared by adding 55.5 mg of KNO3 into a 50-mL flask containing 0.5 mL of both Al(III) and an XO stock solution.
Apparatus
Absorption spectra were recorded on an Agilent (HP) 8453 spectrophotometer in the range of 360 -610 nm equipped with a 1.0 cm quartz cell. The cell was thermostated at 25 ± 0.5 C. A Metrohm 691 digital pH meter with glass electrode calibrated on the operational pH scale with standard buffer solutions (pH 3 and 11) was used. EQUISPEC in the MATLAB (Ver. 6.5) environment was used for data analysis.
Spectroscopic data analysis
The EQUISPEC program was introduced by Dyson et al. 16 The spectra recorded in each spectrophotometric titration (collection of spectra as a function of pH) were arranged in a data matrix Y. The matrix Y, according to Beer's law (Y = CA + R), can be decomposed into the product of a concentration matrix C and matrix A of molar absorptivities. The matrix R of residuals is due to instrumental noise and experimental errors.
Data fitting consisted of determining those unknown parameters for which the sum of squares over all elements of the matrix R of residual was minimal. Calculations were done by an iterative procedure using the Newton-Gauss-Levenberg/ Marquardt (NGL/M) algorithm of non-linear least-squares fitting. 25 EQUISPEC requires the fulfillment of a previously proposed simple chemical model. This model is defined by the stoichiometries of all species involved in the considered equilbria, and by approximate values of the equilibrium constants (Kc). Upon completion of the calculation, EQUISPEC reports refined log K values and standard deviations of these, along with the minimized square sum, which served as a single numerical guide to a goodness of fit (ssq = ∑∑R(ij) 2 = f (Y, model, parameter)).
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Results and Discussion
The major approach of this study was to determine trace amounts of fluoride ion in aqueous samples. The Al-XO complex was used as a new colored reagent for fluoride assay. Thus, in the first step, a spectrophotometric study of complexation reaction of XO with Al(III) was performed.
Xylenol orange is one of the metallochromic indicators, which can bind to metal ions at both their amino and acidic groups. Due to the existences of more than one chelating system and various acidic and basic properties of the XO molecule, which can form various complexes, the investigation of such a system can be difficult. Although, XO is a colored ligand, most of its complexation studies have been performed by potentiometry. 23, 24 Potentiometry is still the standard method for the determination of stability constants, while spectrophotometry has the advantage of yielding additional information through spectral characteristics of the species.
Some difficulties related to the use spectrophotometric data in the determination of equilibrium constants have been successfully overcome by chemometrics method. [16] [17] [18] [19] 25, 26 
Determination of protonation constants of XO
The spectra of the stepwise addition of standardized NaOH to an aliquot of 5 × 10 -5 mol L -1 of acidic solution of XO during titration in the pH range 1.5 -12 were recorded. A sample of the gathered spectra is shown in Fig. 1 .
The XO in acidic solution may be shown by H6L, which can be introducing 6 protons in 6 photolytic steps. In the absence of metal ions, depending on the pH range, there are several possible forms in which XO can exist. In addition, XO in an acidic medium can receive three protons (H + ). The resulting protonation constants, which are calculated by the EQUISPEC program, are listed in of XO and their corresponding spectral profiles are also shown in Figs. 2 and 3 , respectively. It can be seen from the concentration profiles (Fig. 2) and Table 1 that the first three acidity constants are too low, and (-SO3H, =OH + , -COOH), and that it is not possible to measured by the presented method. As can be clearly observed from the concentration profiles, by increasing the pH (1.5 -12), the successive dissociation of XO (H6L → L) would occur.
The first three experimentally detectable deprotonation steps (H6L → H3L) relevant to three carboxylic groups, and a forth one, are attributed to the -OH group (H3L). The fifth and sixth protons (H5L, H6L) return to the protonated nitrogen atoms. It can also be seen from the spectral profiles that the spectra of the species H6L, H5L and H4L showed a high degree of overlapping. This appeared as the maximum absorbance at 435 nm (Fig. 3) . By increasing the pH, a new absorbance maxima at 560 nm appeared which according to Fig. 3 , is probably due to the contributions of H3L, H2L, HL and L.
Complexation of XO with AL(III)
The spectra of an aliquot of 5 × 10 -5 mol L -1 of an Al-XO complex solution, (CM/CL = 1) and (CM/CL = 1/2), were recorded during titration with a standardized NaOH solution in the pH interval 1.5 -12. Samples of the spectra of the absorbance-pH titration are shown in Figs. 4 and 7 . The ionic strength was adjusted at 0.1 mol L -1 by adding KNO3. The results for the stability constants of XO with Al(III) are listed in Table 1 . It is evident that the small three valent metal ions, such as Al(III) can strongly react with XO as a multidentate ligand with two different stoichiometries. The concentration and spectral profiles for the 1:1 (CM/CL = 1) stochiometry of Al-XO complex are shown in Figs. 5 and 6.
As can be seen from Fig. 5 , the Al-XO (ML) complexes should be protonated in the pH range 2 -8. The major species are ML, MLH and MLH2 since the pH decreases from pH 8 to 2. This is quite expected due to competition of H + with Al(III). Figure 6 shows the spectral behavior of the species forms in the solution; it illustrates the spectrum of ML, and MLH overlaps and shows a maximum at around 550 nm. However, MLH2 shows a blue shift (440 nm) due to influences of a lower pH on the chromospheres group of XO. In the case of CM/CL = 1/2, by increasing the pH, the ML2 species formed in solution. Each of the iminiodiactate groups and the nitrogen atom in one arm of XO with the corresponding groups of another XO complex with Al(III) and a stable chelate structure was formed.
Determination of fluoride
In order to assay fluoride based on a reaction with the Al-XO complex, a proper form of the Al-XO complex should be chosen. There are some restrictions in selecting the pH. At a lower pH, there is greater competence between H + and Al(III) to react with the XO, and it also has a tendency to react with fluoride. 27, 28 For high pH values, there are serious interferences due to OH -and HCO3
-(in drinking water), which could react with Al(III) and decrease the accuracy of the measurement. Thus, according to Figs. 5 and 6, at intermediate pH (4 -8) values, the most predominate species in solution is MLH, which has a higher molar absorptivity at 550 nm and pH 5.2. This pH is close to the pH of fresh-water samples (drinking water). Thus, the best condition was chosen as pH 5.2 and a wavelength is 555 nm, where MLH is the major species in solution, and has a proper condition for reacting with fluoride. Addition of fluoride to an aliquot sample solution of MLH causes the formation of a more stable and known complex with Al-XO. This reaction leads to the formation of a colorless complex, [AlF6] -3 (log K = 21.4), 29 and releases of XO in solution. Therefore, the stepwise addition of fluoride to this reagent solution causes decrease of the absorbance at 555 nm (Fig. 7) .
According to these optimum condition, a series of standard solutions containing fluoride (0.0, 0.1, 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 and 2.0 μg mL -1 ) separately was added to a 5 × 10 -5 mol L -1 solution of Al-XO (1:1) at pH 5.2 and ionic strength 0.1 mol L -1 respectively. The resulting solutions remained sufficient before measuring of their spectra to achieve equilibrium. Their spectrum from 380 -680 nm was recorded, and is shown in Fig. 7 . It can be seen that the absorbance of the Al-XO complex (CM/CL = 1) (A0) decreased as the amount of fluoride ion increased. Figure 8 shows a plot of the absorbance decreasing (A0 -Ai) versus the added fluoride, which has a good correlation with the concentration of fluoride. The empirical data of (A0 -Ai) versus the concentration of fluoride was well fitted to a least-squares equation (Y = 0.9778 -0.3849X) with a coefficient of determination R 2 = 0.9998. The best dynamic range was from 0.08 to 1.40 mg L -1 . The limit of detection (LOD) for the proposed method was 0.07 μg mL -1 fluoride, given by the equation YLOD = Ybl + 3σbl. 30 The reproducibility of the method was checked for 10 measurements of a 5 × 10 -5 mol L -1 solution of Al-XO (CM/CL = 1) complex and 0.5 μg mL -1 fluoride at the optimum condition. The relative standard deviation was 1.6% (n = 10).
Interference effects and applicability
The effect of diverse cationic and anionic species with commonly interference ions with fluoride in water samples (Cl -, Br -, SO4 -, PO4 3-, HCO3 -, Ca 2+ , Mg 2+ , Al(III), Fe(III)) was examined. The only serious interference was due to Fe(III), which was removed by the addition of a portion of L-ascorbic acid solution (10%). In order to test the applicability of the proposed method for drinking water, five samples (Table 2) under the optimum conditions (pH 5.2, ionic strength 0.1 mol L -1 , 25 C, wavelength 555 nm) were measured by using calibration plot (four sample measurements). A good agreement between spiked water and real samples was seen (Table 2) .
Conclusion
A new spectrophotometric reagent for determination of trace amounts of fluoride was established. Al-XO complex at pH 5.2 and ionic strength 0.1 mol L -l at 25 C was a suitable probe for this assay. The only serious interference of Fe(III) was successfully eliminated. The linear range and a good LOD was found. Some real samples were analyzed and a spiked sample emphasized the validity and accuracy of the method. 
